The mechanisms of enzyme delivery to and acidification of early autophagic vacuoles in cultured fibroblasts were elucidated by ayoimmunoelectron miaoscopic methods. The cation-independent mannose-6-phosphate receptor (MPR) was used as a marker of the pre-lysosomal compartment, and cathepsin L and an acidotropic amine ( 3 -( 2 , 4 d~~o ) -3' -amino-N-methyl-dipropylamine (DAMP), a cytochemical probe for low-pH organelles) as markers of both pre-lymomal and lysosomal compartments. In addition, cationized ferritin was used as an endocytic marker. In ultrastructural double labeling experiments, the bulk of all the antigens was found in vesicles containing tightly packed membrane material. These vesicles also contained small amounts of endocytosed ferritin and probably correspond to the MPR-enriched pre-lysosomal compartment. Some immunolabeling was also visible in the ms-Golgi network. In addition, cathepsin L, DAMP, and large amounts of ferritin were found in smaller vesicles which can be classified as mature lysosomes. Early 1579 1580 PUNNONEN, AUTIO, MARJOMhU, REUNANEN thetized lysosomal enzymes are transported to the PLC from the
Introduction
In autophagy, organelles and cytosolic components are degraded in membrane-bound vacuoles by lysosomal enzymes (Marzella and Glaumann. 1987) . Autophagy is the major pathway for the continuous turnover of cytosolic components and organelles (Marzella and Glaumann, 1987; Mortimore and Poso, 1987; Henell and Glaumann, 1984 ) and its inhibition is coincident with a decrease in intracellular protein degradation and net cell growth (Mortimore et al., 1989; Heifer et al., 1988; Papadopoulos and Pfeifer, 1987; Scomik and Botbol, 1987) . The first event in autophagy is the segregation of parts of the cytoplasm within a double membrane-bound vacuole, or autophagosome (Pfeifer, 1987; Arstila and Trump, 1968) . The limiting membrane presumably originates from the rough endoplasmic reticulum (Dunn, 1990a; Furuno et al., 1990) or from a separate membrane compartment (Yamamoto et al., 1990; Supported by a grant from the Emil Aaltonen Foundation.
Correspondence to: Em-Lik Punnonen, University of J&k, Dept. of Cell Biology, PO Box 31, Finland. autophagic vacuoles were defiied as vesicles containing recognizable cytoplasm. MPR, cathepsin L, and DAMP, but not ferritin, were detected in the early vacuoles. Inhibition of the acidification in the early vacuoles by monensin did not prevent the delivery of MPR and cathepsin L. The presence of MPR in the vacuoles suggests that cathepsin L is not delivered to early autophagic vacuoles solely by fusion with mature, MPR-deficient lysosomes. Furthermore, although lysosomes were loaded with endocytosed ferritin, it was not detected in autophagic vacuoles. Either the trans-Golgi network or the MPR-enriched pre-lysosomes may be the main source of enzymes and acidification machinery for the autophagic vacuoles in fibroblasts. In addition, the enzyme delivery is not dependent on acidification. ( J Histochem Cytochem 40:1579-1587, 1992) KEY WORDS: Autophagy; Acidification; Cathepsin L; Mannose-6phosphate receptor; DAMP; Rat fibroblasts; Cryoimmunoelectron microscopy. 1987). The classical view is that autophagosomes then fuse with lysosomes ( A d a and Trump, 1968) , which leads to degradation of the segregated cytoplasm. However, recent results have suggested that autophagic and endocytic pathways meet at an earlier, prelysosomal stage (Tooze et al., 1990; Gordon and Seglen, 1988) . This suggests that the hydrolytic enzymes in autophagic vacuoles may originate from endosomes rather than mature lysosomes.
The aim of the present immunocytochemical study was to elucidate the mechanisms of enzyme delivery to and acidification of autophagosomes in cultured rat embryonic fibroblasts. To induce autophagy, the cells were incubated in a serum-free medium (Slot et al., 1986; McElligott et al., 1985; Mitchener et al., 1976) . Cationindependent mannose-6-phosphate receptor (MPR) was used as a marker of the late endosomal, or pre-lysosomal, compartment (PLC) (Griffiths et al., 1988) , and cathepsin L and an acidotropic amine [ 3 4 2,4-dinitroanilino)-3'-amino-N-methyl-dipropylamine (DAMP), a probe for low-pH organelles] (Anderson et al., 1984) as markers of both pre-lysosomal and lysosomal compartments. In addition, cationized ferritin was used as an endocytic marker. The PLC is acidic and contains significant amounts of MPR and the lysosomal membrane glycoprotein Igp 120, and lysosomal enzymes. Newly syn-trans-Golgi network ( E N ) . The enzymes dissociate from their receptors in the acidic PLC and the MPRs are recycled back to the E N . Furthermore, the PLC in fibroblastic cells accumulates endocytosed protein-coated gold particles or cationized ferritin after periods longer than 20-30 min at 37°C. (Griffiths, 1989; Griffiths et al., 1988 Griffiths et al., , 1990 . Mature lysosomes, in contrast, do not contain MPR (Kornfeld and Mellman, 1989; von Figura and Hasilik, 1986) . Cathepsin L is a suitable representative of lysosomal enzymes: it is the most active lysosomal cysteine proteinase (Barrett and Kirschke, 1981) , and the inhibition of these proteinases decreases lysosomal (i.e., autophagic) protein degradation by 40-509/0 (Shaw and Dean, 1980; Ward et al., 1979) . Furthermore, lysosomal cysteine proteinases are obligatory for proteolysis of autophagocytosed proteins (Kopitz et al., 1990) .
The experiments were performed to answer three questions:
first, whether the enzymes were delivered to early autophagic vacuoles by MPR-positive (i.e., endosomes or E N ) or -negative (i.e., lysosomes) vesicles; second, whether enzyme delivery occurs simultaneously with acidification; and third, whether acidification is obligatory for enzyme delivery. Monensin treatment was used to raise the pH of acidic organelles (Seglen, 1983) .
Ultra-thin cryosections were used for the immunolabelings because this technique is more specific and sensitive than the resinembedding methods (Griffiths and Hoppeler, 1986; Hemming et al., 1982) . Sensitivity was of great importance, since only small amounts of the lysosomal and pre-lysosomal markers were expected to be present in the early autophagic vacuoles at the beginning of enzyme delivery.
Materials and Methods
Cell Culture and Experimental Design. Fibroblasts were isolated from rat embryos and used for the experiments between cell generations 5 and 10 (Freshney, 1987) . The cells were cultured (37°C. 10% COZ) in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS), (Gibco; Paisley, UK). Cultures for the experiments were inoculated with 24,000 cells/cm2 and grown for 1 (immunofluorescence) or 3 (electron microscopy) days. The experiments were conducted at 37'C in DMEM containing 25 mM Hcpes buffer (Gibco) and in 10% CO2 atmosphere. To induce autophagy, the cells were incubated in a serum-free medium for 30 min before fixation. For localization of acidic organelles, the incubation was performed in the presence of DAMP (100 pM) (Molecular Probes; Eugene, OR), and after 30 min the cells were washed in a fresh medium without DAMP for 10 min at room temperature. For immunofluorescence and Epon-embedding experiments, the incubations were performed both with and without serum, whereas serum-free media alone were used for immunoelectron microscopy. To identlfy the endocytic organelles, some culture dishes were incubated with cationizedferritin (250 pg/ml) (Sigma; St. Louis, MO) in serum-free DMEM for 10 min at 4'C, washed with phosphate buffer, and chased in ferritin-free DMEM for 3 hr (2 hr in 10% FCS and 1 hr in a serum-free medium) at 37°C to allow internalization of ferritin attached to the plasma membrane.
For the quantitation of immunolabcling, the culture dishes were divided into four groups. The first was incubated in the serum-free medium without additions, the second with DAMP, the third with monensin (10 pM) (Sigma), and the fourth with DAMP and monensin. After 30 min (and a 10-min wash for the DAMP-treated cells), the cells were fixed, and cells from one to three culture dishes per group were pooled. This procedure was repeated four times.
Antibodies. The following primary antibodies were used: gamma globulin fraction of a rabbit antiserum against bovine cation-independent mannose-6-phosphate receptor (Marjom2ki et al., 1990) ; rabbit antiserum against dinitrophenol (for the detection of DAMP) (ICN ImmunoBiologicals; Lisle, IL); and rabbit antiserum against mouse cathepsin L (a generous gift of Dr. Michael Gottesman, National Cancer Institute; Bethesda, MD). Normal rabbit serum, normal rabbit IgG (Dakopatts; Glosuup, Denmark), or rabbit antiserum against bovine serum albumin (Bio Yeda; Rehovot, Israel) was used as control antibodies.
Immunofluorescence. Fibroblasts were grown on immunofluorescence glass slides (CML; Nemours, France). The cells were rinsed and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS: 1.86 mM NaHzP04, 12.64 mM NazHP04, 150 mM NaCI), pH 7.5, at room temperature for 45 min. The immunolabeling was carried out at room temperature. After rinsing with PBS, the monolayers were permeabilized with 0.2 % Triton X-100 for 5 min and rinsed with PBS containing 0.15% glycine or 50 mM NH4CI. The cells were incubated in 5 % fetal calf serum in PBS for 15 min and then with the primary antibodies in the same solution for 60 min. After rinsing with PBS, the cells were incubated with anti-rabbit IgG-FIT F(ab)2 (Sigma, F-1262) for 30 min. After several rinses in PBS, the monolayers were mounted in glycerol containing 10% PBS and 1 mg/ml paraphenylenediamine.
Immunoelecuon Mimxopy. The monolayers were fixed in 4% paraformaldehyde, 0.1% glutaraldehyde, 0.01% azide, and 7.5% sucrose in PBS at room temperature for 60 min. After rinsing in PBS, the monolayers were scraped off the culture dish and embedded in 20% gelatin as described in Nielsen et al. (1989) . The gelatin was fixed in 4% paraformaldehyde for 30 min at room temperature. Small blocks (1 mm3) were cut from the cell pellet, infiltrated in 2.1 M sucrose in PBS for 30-60 min, put on aluminium specimen carriers, and frozen in liquid nitrogen. Ultra-thin frozen sections were cut at -9O'C as described in Griffiths et al. (1984) . using glass knives on a Reichert-Jung Uluacut ultramicrotome fitted with an FC4 cryochamber. The sections were collected in 2.3 M sucrose in PBS and placed on nickel grids. Immunolabeling was carried out according to Geuze et al. (1981) and Tokuyasu (1986) . using protein A-coated gold particles of two sizes ( 5 or 6 and 10 nm in diameter) prepared according to Slot and Geuze (1985) . Fetal calf serum (10%) in PBS was used to block nonspecific binding. For double labeling experiments, 0.1 mg/ml protein A (Pharmacia; Uppsala, Sweden) was used to block unoccupied attachment sites before the second antibodies. The double labeling experiments were repeated with various combinations of the primary antibodies and gold particle sizes. The labeled sections were contrasted and embedded on ice in 0.3% uranyl acetate in 1.5% methylcellulose (25 centipoise; Sigma).
Quanatation of Labeling. Sections were cut from one to three blocks per experimental group and double labeled with two different antibodies. The following combinations were used MPR-6-nm gold + cathepsin L-10nm gold; DAMP-6-nm gold + cathepsin L-lo-nm gold; and DAMP-6-nm gold + MPR-10-nm gold (control cells only). For the analysis, 16-30 early autophagic vacuoles were micrographed from the best sections of each cell sample. The number of gold particles per autophagic vacuole (Hedin and Thyberg, 1985) was calculated from micrographs printed at a final magnification of x 65.000. The size of the autophagic vacuole profiles and the intensity of the background labeling over the cytoplasmic ground substance and nucleus were determined by point counting using a simple lattice grid ( 5 x 5 mm for the vacuoles and 7 x 7 mm for the background) printed on a transparent plastic sheet. Statistical analyses (i.e., G-test of independence, chi-square test of homogeneity, and Mann-Whitney U-test) were performed according to Sokal and Rohlf (1987) .
Conventional Electron Miaoscopy. The monolayers were fixed in 2.5 % glutaraldehyde in PBS for 60 min at 4'C. rinsed in PBS, and post-fixed in 1% Os04 in 0.1 M phosphate buffer, pH 7.4, for 60 min at 4'C. The monolayers were dehydrated in ethanol and embedded in Epon. Thin sections were cut with a diamond knife on a Reichert-lung Ultracut u l m i c r otome and stained with uranyl acetate and lead citrate.
the primary antibody gave only negligible background label (not shown). The most intense labels for MPR, cathepsin L. and DAMP were found in vesicles that contained tightly packed lamellar or Results concentric membrane figures or tubular-vesicular membrane material, and were often partly electron translucent (Figures la and Ib) . The diameter of these vesicles varied from 0.2 to 1.5 Bm. The vesicles containing tubular-vesicular membranes were often positive for endocytosed ferritin (Figure 1b ). The Golgi stacks were usually not labeled with any of the primary antibodies, whereas tub-
Distribution of MPR, Cathepsin L, and DAMP in Rat FibrobZasts
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MPR, Cathepsin L, and DAMP Labeling in Autophagic Vacuoles
In Epon-embedded specimens, early autophagic vacuoles containing morphologically recognizable cytoplasmic material were frequently observed in fibroblasts incubated in a serum-free medium (Figures 2a-2c ) but only rarely in those incubated with 10% serum. Many of the vacuoles either contained lamellar membrane structures (Figure 2b ) or were situated adjacent to vesicles containing such ( Figure Zc) .
In cryosections, autophagic vacuoles were identified as round, oval, or irregularly shaped vesicles containing material closely resembling the surrounding cytoplasm and with a diameter of 0.3-1.4 pm (Figures 3 and 4a-4f ). Mitochondria were sometimes observed inside the vacuoles (Figures 4b and 4d ). The vacuoles are referred to as "early autophagic vacuoles" since only vacuoles containing undegraded, morphologically intact cytoplasmic material could be identified. The limiting membranes of the vacuoles were poorly visible or difficult to distinguish from the membrane structures in the surrounding cytoplasm. Remnants of a putative double limiting membrane were visible in some vacuoles (Figures 3 and 4d) . Usually an electron-translucent layer was visible between the limiting membrane and contents (Figures 3 and 4a-4f ). This was also observed in Epon sections (Figure 2a ).
MPR, cathepsin L. and DAMP labeling was observed in the early autophagic vacuoles (Table 1) . About one fifth (21-24%) of the vacuoles showed moderate to weak labeling for both MPR and Fibroblasts were incubated in the serum-free medium without additions. or in the presence of DAMP (100 pM) and/or monensin (10 pM) as indicated. After 30 min the cells were fixed and prepared forcryoimmunoelectron microscopy. The first antigens were detected with 6-nm gold and the second with 10-nm gold. Positive labeling of the early autophagic vacuoles was judged according to the background labeling over cytoplasmic ground substance and nucleus (0.8 2 0.2 paniclcs/pm* for MPR-6-nm gold; 0.9 2 0.1 for cathepsin L-10-nm gold; 1.6 t 0.3 for DAMP-6-nm gold; and 1.0 2 0.3 for MPR-10-nm gold). Using the mean area of the autophagic vacuole profiles (0.35 2 0.01 pm*), the following criteria for positive labeling were defined: MPR-6-nm gold. three or more panicles pcr vacuole (9.5 times the background); cathepsin L-lo-nm gold, two or more panicles per vacuole (7.1 times the background); DAMP-6-nm gold, four or more particles per vacuole (7.1 times the background); and MPR-10-nm gold, three or more panicles per vacuole (8.6 times the background). The percentages were calculated from four separate experiments and are given as the mean 2 SEM.
For cathepsin L (Figures 4a and 4b ). DAMP and cathepsin L (Figure  3) , or DAMP and MPR (Figure 4c ). The rest of the early autophagic vacuoles showed weak labeling for one only of the antibodies used in the double labeling experiments (Table 1) or were not labeled Figure 4d ). Endocytosed ferritin was not observed in the early autophagic vacuoles.
Effect of Monensin Treatment on the Labding of Early Autophagic EcuoLes
Immunofluorescence was used to choose the effective concentration for monensin. DAMP-treated cells labeled with control antibodies and untreated cells labeled with anti-dinitrophenol (not shown) were unstained. In control cells incubated in the presence or absence of serum, DAMP showed a vesicular label in a cytoplasmic, somewhat perinuclear distribution ( Figure Sa) . In the monensin-treated cells, DAMP label was negligible (Figure 5b) .
After monensin treatment, weak DAMP labeling of intracellular organelles was detected in cryosections (Tables 1 and 2) but not in immunofluorescence. This indicates the superior sensitivity of the ultra-thin cryosection technique in immunolabeling. Monen- Table 2 1; Figure 4e ). In the DAMP + cathepsin L double labeling experiments, monensin treatment raised the proportion of early autophagic vacuoles labeled with cathepsin L without DAMP (Table 1) . Monensin treatment also reduced the number of gold particles detecting DAMP in the early autophagic vacuoles but did not change the number of particles detecting MPR or cathepsin L (Table 2; Figure 4f ).
. Number of gold particles detected in early autophagic vacuoles in the double labeling experiments

Discussion
Many of the early autophagic vacuoles (43-47%) were unlabeled in the double labeling experiments. These vacuoles can be classified as autophagosomes, i.e., newly formed vacuoles that have not yet received lysosomal markers. This result supports the view that autophagosomes are formed by a membrane that has no degradative enzymes (Arstila and Trump, 1968) . Although the cell ultrastructure was well preserved in the cryosections, the limiting membranes of autophagic vacuoles were difficult to distinguish. However, some micrographs suggested that both autophagosomes ( Figure 4d ) and autophagic vacuoles containing lysosomal markers (Figure 3 ) were surrounded by a double membrane. Furthermore, although the limiting membranes of autophagic vacuoles were visible in the Epon-embedded specimens (Figures 2a-2c) , it was usually not possible to distinguish the two separate membranes. Therefore, we believe that the lipid and/or protein content of these membranes in rat fibroblasts may be different from that in other cell types, e.g., in hepatocytes, where the double membrane is more clearly visible (Hirsimdi and Pilstrom, 1982) .
The double labeling of MPR + cathepsin L showed that the occurrence of cathepsin L was dependent on the presence of MPR in early autophagic vacuoles (Table 1 , G-test of independence). In steady state, only slightly more vacuoles were positive for cathepsin L (39-44%) than for MPR (32-36%). These results suggest that considerable amounts of MPR and cathepsin L are delivered simultaneously-perhaps by a common transport route-to autophagosomes. The presence of MPR in the autophagic vacuoles also casts some doubt on the classical theory that enzymes are delivered to autophagosomes solely by fusion with mature lysosomes, since lysosomes in fibroblasts are essentially devoid of MPRs (for a review see Gruenberg and Howell, 1989; Kornfeld and Mellman, 1989; Griffiths et al., 1988; von Figura and Hasilik, 1986) . Tooze et al. (1990) also found that MPR and lysosomal enzymes appeared together in autophagic vacuoles in guinea pig pancreas. However, in rat liver, MPRs were absent from the majority of autophagic vacuoles (Dunn, 1990b) . The different results probably reflect differences in the role of MPR in enzyme targeting in different tissues (for a review see Pfeffer, 1988) .
The G-test of independence (Table 1 ) also showed that in early autophagic vacuoles the occurrence of cathepsin L or MPR was dependent on the presence of DAMP. Furthermore, the proportions of vacuoles positive for cathepsin L (39-44%) and DAMP (42%) were equal. This suggests that in fibroblasts acidification begins simultaneously with the delivery of the enzyme. In other cell types, differences have been observed in the sequence of acidification of and enzyme delivery to autophagic vacuoles. In guinea pig pancreas, DAMP accumulation began and acid phosphatase activity appeared before the delivery of MPR and cathepsins D and B (Tooze et al., 1990) . Furthermore, in rat liver DAMP accumulation was extensive before the delivery of cathepsin L (Dunn, 1990b) . In the present study we also found that inhibition of acidification by monensin treatment was not able to prevent the delivery of cathepsin L or MPR to autophagosomes. This suggests that in fibroblasts acidification is not an obligatory step before the delivery of lysosomal enzymes to autophagosomes. Monensin at a concentration of 10 pM has been shown to raise the pH of acidic organelles in 1 min (Yamashiro and Maxfield, 1987) . Therefore, since autophagy was induced in the presence of the drug it is unlikely that any enzymes could have been delivered to early autophagic vacuoles before the drug had raised the pH.
The vesicles containing the most intense labeling for MPR, cathepsin L, and DAMP, as well as small amounts of endocytosed ferritin, were morphologically similar to the PLC, or late endosomes (Woods et al., 1989) , originally morphologically described by Griffiths et al. (1988 Griffiths et al. ( , 1990 in normal rat kidney cells, and later by Parton et al. (1989) in Madin-Darby canine kidney cells, and Marjomdci et al. (1990) in rat cardiac myocytes. The PLC is a large, complex structure characterized by internal membranes forming "concentric multimembrane sheets" or "extensive worm-like tubules'' (Griffiths et al., 1990) . Lysosomes presumably bud off, or mature from, the PLC (Griffiths, 1989) . In the present study, several results support the view that the heavily labeled vesicles in rat fibroblasts correspond to the PLC: first, the vesicles contained internal membranes resembling those described by Grdfiths et al. (1990) ; second, the internal membranes contained the bulk of the MPR in the cells; third, the vesicles were acidic and contained lysosomal enzymes; and fourth, the vesicles contained endocytosed ferritin. Autophagosomes may receive MPR, lysosomal enzymes, and proton pumps either from the TGN or from the endocytic pathway, presumably from the PLC. Some cathepsin L and proton pumps may also originate from the lysosomes. Several results in earlier and the present studies support the role of the PLC in enzyme delivery. In guinea pig pancreas, autophagocytosed material was found to enter the endocytic pathway and to be delivered to a compartment equivalent to the PLC (Tooze et al., 1990) . Furthermore, in rat cardiac myocytes, mitochondria in different stages of degradation were found in the PLCs (Marjomaki et al., 1990) . Griffiths et al. (1990) also comment that many PLC structures strikingly resemble vesicles that have been referred to as autophagic vacuoles. In the present study, vesicles resembling the PLC were observed adjacent to or in contact with the early autophagic vacuoles. In Epon sections, structures containing concentric membrane figures were observed close to the early autophagic vacuoles. In addition, in our experiments with cationized ferritin as endocytic marker we did not find ferritin in autophagic vacuoles, although the MPR-deficient lysosomes were loaded with it after a 3-hr uptake ( Figure Id) . This result supports the role of the PLC in enzyme delivery, since the PLC contained only small amounts of ferritin in our experiments. Further studies with several endocytic markers and chase times are now progressing to better elucidate the relationships of the autophagic and endocytic pathways in fibroblasts. Figure 6 summarizes our interpretation of the results discussed above.
